Pulmonary hypertension (PH) has been shown to be associated with regional inhomogeneity (or dyssynchrony) of right ventricular (RV) contraction. Right ventricular dyssynchrony is an independent predictor of decreased survival in advanced PH, but has also been reported in patients with only mildly elevated pulmonary artery pressure (PAP). The mechanisms of RV dyssynchrony in PH remain uncertain. Our aim was to evaluate RV regional function in healthy subjects during acute hypoxia and during exercise. Seventeen healthy subjects (24 ± 6 years) underwent a speckle tracking echocardiography of the RV at rest in normoxia and every 15 min during a 60 min exposure to hypoxic breathing (F IO 2 12%). Ten of the subjects also underwent an incremental cycle ergometry in normoxia to 100 W, with the same echocardiographic measurements. Dyssynchrony was measured as the SD of the times to peak systolic strain of the four basal and mid RV segments corrected for the heart rate (RV-SD4). RV-SD4 increased during hypoxia from 12 ± 7 to 22 ± 11 ms in spite of mild increases in mean PAP (mPAP) from 15 ± 2 to 20 ± 2 mmHg and pulmonary vascular resistance (PVR) from 1.18 ± 0.15 to 1.4 ± 0.15 Wood units (WU). During exercise RV-SD4 did not significantly change (from 12 ± 6 ms to 14 ± 6 ms), while mPAP increased to 25 ± 2 mmHg and PVR was unchanged. These data show that in healthy subjects, RV contraction is inhomogeneous in hypoxia but not during exercise. Since PAP increases more during exercise, RV dyssynchrony in hypoxia may be explained by a combination of mechanical (RV afterload) and systemic (hypoxia) factors.
INTRODUCTION
It has been recently realized more clearly that symptomatology and outcome in pulmonary hypertension (PH) are determined by right ventricular (RV) function (Vonk-Noordegraaf et al., 2013) .
This has intensified research on the right ventricle with imaging . Marcus et al., 2008) , but also with regional heterogeneity of RV contraction, or 'dyssynchrony' (Badagliacca et al., 2015a (Badagliacca et al., , 2015b (Badagliacca et al., , 2017a Kalogeropoulos et al., 2008; Meris et al., 2010; Murata et al., 2017; Smith et al., 2014) . RV dyssynchrony has been reported to be associated with more severe disease, decreased exercise capacity and shorter survival in PH patients (Badagliacca et al., 2015a (Badagliacca et al., , 2015b (Badagliacca et al., , 2017a Murata et al., 2017) .
What determines RV dyssynchrony is not entirely understood.
One could assume that it is the inevitable consequence of the inhomogeneous nature of RV structure, and thus mechanically related to increased pulmonary artery pressure (PAP). However, RV dyssynchrony has been recently reported in patients with 'borderline' PH (mean PAP (mPAP) between 20 and 25 mmHg; Lamia et al., 2017) and thus with only marginally increased wall stress. These patients presented either with chronic obstructive pulmonary disease or systemic sclerosis, suggesting additional systemic effects. Whether RV dyssynchrony may occur in healthy subjects under environmental stress conditions such as hypoxia or exercise is not known. We therefore explored the effects of exercise and of inspiratory hypoxia on speckle tracking echocardiography of the right ventricle in healthy volunteers.
METHODS

Ethical approval
The work described conformed to the standards set by the latest revision of the Declaration of Helsinki except for registration in a database, and the procedures were approved by the Ethical Committee of Erasme Hospital -Université Libre de Bruxelles (protocol P2016/348). All the subjects included in the study gave an informed written consent.
Study population
Seventeen subjects aged 24 ± 6 years, 10 men and 7 women, with a body surface area of 1.86 ± 0.18 m 2 and a body mass index of 23 ± 2 kg m −2 , were enrolled in the study. All of them were non-smokers and declared themselves in good health. Their clinical examinations were unremarkable. Their electrocardiograms were normal, except for QRS >100 ms in three of them.
Study protocol
All the study subjects underwent standard and speckle tracking echocardiographic evaluation at rest in normoxia, then after successively 15, 30, 45 and 60 min of breathing a fraction of inspired oxygen (O 2 ) of 12%, and then again after 15 min in normoxia. This severity of hypoxia corresponds to an altitude of 4500 m and has been shown to be well tolerated with minimal changes in arterial P CO 2 (Maggiorini et al., 2001) . The low inspired fraction of O 2 was administrated by using a tightly collar-fitted helmet (Castar, Brussels, Belgium), and inspired and expired O 2 and CO 2 were monitored with analysers (Datex, Aartselaar, Belgium).
Thirteen of the subjects underwent also an incremental cycle ergometry by 20 W/2 min in normoxia to 100 W, with standard and speckle tracking measurements at every workload. The exercise test was performed in a semi-recumbent position on a dedicated echocardiography chair (Ergoselect 1200, Ergoline GmbH, Germany) as previously reported (Forton et al., 2016) .
Blood pressure (sphygmomanometry), heart rate (electrocardiographic lead) and oxygen saturation (S pO 2 , pulse oximetry) were continuously monitored.
New Findings
• What is the central question of this study?
Right ventricular dyssynchrony in severe pulmonary hypertension is associated with a poor prognosis.
However, it has recently been observed in patients with lung or connective tissue disease and pulmonary artery pressure at the upper limits of normal. The mechanisms of right ventricular dyssynchrony in pulmonary hypertension remain uncertain.
• What is the main finding and its importance?
Acute hypoxic breathing, but not normoxic exercise, induces an increase in right ventricular dyssynchrony detected by speckle tracking echocardiography in healthy subjects. These results add new insights into the determinants of right ventricular dyssynchrony, suggesting a role for systemic factors added to afterload in the pathophysiology of right ventricular inhomogeneity of contraction.
Exercise and hypoxia stress testing were performed at an interval of at least 24 h.
Echocardiography
An echocardiographic system (Vivid 7 Dimension, GE Healthcare, Waukesha, WI, USA) was used to obtain images with a 4.5 MHz transducer. Digital routine grayscale two-dimensional (2D) and tissue Doppler cine loops from three consecutives beats were obtained at functional residual capacity, with a brief relaxed end-expiratory breath hold. Gain settings were adjusted to optimize endocardial definition. Offline analysis was then performed on digitally stored images (EchoPac, GE Healthcare).
Conventional measurements of right ventricular function
Standard M-mode, 2D and Doppler images were acquired.
Measurements were performed according to guidelines (Rudski et al., 2010) . The following parameters and derived measures were taken during all the examinations (at every workload level during exercise): 
RVFAC (%) 46 ± 4 4 4± 5 4 3 ± 6 4 4 ± 6 4 4 ± 7 4 6 ± 6
Peak 2DS mid IVS (%) −20 ± 4.6 −21.1 ± 2.2 -21.97 ± 3.53 -21.3 ± 2.72 −21.8 ± 2.9 −21.58 ± 3.75
Peak 2DS basal IVS (%) −20.9 ± 5 −21.6 ± 2.9 −21.9 ± 3.3 −21.4 ± 3.0 −22 ± 3.2 −21.96 ± 4.41
Peak 2DS mid RVFW (%) −29.4 ± 4.7 −31.6 ± 4.2 −30.8 ± 3.9 −32.5 ± 3.5 −31.5 ± 2.8 −31.3 ± 4.4
Peak 2DS basal RVFW (%) −31.7 ± 6.9 -31.5 ± 4.34 −30.1 ± 4.9 −32.5 ± 3.8 −31.8 ± 5.4 −34.8 ± 6.9
RV-SD4 (ms) 12 ± 7 20 ± 9 21 ± 10* 22 ± 10* 22 ± 11* 15 ± 7 2DS, two dimensional strain; DBP, diastolic blood pressure; CO, cardiac output; HR, heart rate; IVS, interventricular septum; mPAP, mean pulmonary artery pressure; PVR, pulmonary vascular resistance; RVEDA, right ventricular end diastolic area; RVFAC, right ventricular fractional area change; RVFW, right ventricular free wall; RV-SD4, standard deviation of the times to peak systolic strain of the four mid and basal right ventricular segments; S ′ , pulsed tissue Doppler tricuspid annulus systolic wave; SBP, systolic blood pressure; S pO 2 , percutaneous saturation of oxygen; TAPSE, tricuspid anular plane systolic excursion; WU, Wood units. Pulsed waved tissue Doppler imaging (PW-TDI) was used to measure the RV peak systolic velocity (S ′ ).
2D speckle tracking echocardiography
For speckle tracking analysis, standard greyscale 2D images in the RV dedicated four-chamber apical view were acquired (frame rate >55 frames per second) and digitally stored in three beats cine-loop format. RV longitudinal strain was considered, and RV mid and basal 2D strain of the free wall (RVFW) and of the interventricular septum (IVS) was measured. A region of interest (ROI) was traced on the endocardial and epicardial border of the right ventricle. Natural acoustic markers, or speckles within the ROI were tracked over the cardiac cycle. Longitudinal strain was calculated as the change in length/initial length of RV myocardium within the ROI.
In the longitudinal view, myocardial shortening was represented as negative strain and myocardial lengthening as positive strain. The software then automatically divided the RV long axis image into six standard segments and generated individual strain-time waveforms for basal, mid and apical septum, and basal, mid and apical free wall segments. Peak strain and time to peak strain from each of six time-strain curves were determined. two QRS complexes, according to Bazett's formula, and called RV-SD4 (Badagliacca et al., 2015a (Badagliacca et al., , 2015b (Badagliacca et al., , 2017b Lamia et al., 2017) . The upper limit of normal of RV-SD4, as previously determined in healthy subjects by adding 2 SDs to the mean, is 18 ms (Badagliacca et al., 2015b) .
Intra-and interobserver variabilities for RV-SD4 measurement in the present study were defined in 10 randomly selected subjects by the same observer (B.P.) and by a second independent observer (R.B.)
respectively, in normoxia at rest, in hypoxia and at the maximum workload of 100 W. The bias and limits of agreement for the two measurements of the same observer and for the measurements of two different observers were assessed using a Bland-Altman analysis (Bland & Altman, 1986 ).
Statistical analysis
Results are expressed as the mean ± SD. Two-group comparisons were done with Student's paired, two-tailed t test. The effects of hypoxia and of exercise were assessed by repeated measures analyses of variance.
When the F ratio of the analysis of variance reached a P < 0.05 critical level, paired t tests were performed to compare with baseline measurements (Wallenstein et al., 1980) . Linear regression analysis was performed to assess the relations between RV dyssynchrony, PVR and mPAP.
All statistical analyses were performed using SPSS Statistics F I G U R E 1 Speckle tracking echocardiography of the right ventricle with strain-time curves in a subject at rest in normoxia and in hypoxia. Hypoxic exposure was associated with a significant inhomogeneity of right ventricular contraction as assessed by standard deviation of strain-time curves of four segments (RV-SD4). mPAP, mean pulmonary artery pressure; PVR, pulmonary vascular resistance; WU, Wood units
RESULTS
The quality of imaging was sufficient for analysis of dyssynchrony in all the subjects during hypoxic testing, but insufficient in 3 of the 13 subjects who underwent exercise testing. These three subjects were excluded from the analysis of the exercise measurements.
Hypoxic breathing and exercise were well tolerated.
The effects of hypoxic breathing are summarized in Table 1 .
There was a marked decrease in S pO 2 . Heart rate and CO increased, while blood pressure was unchanged. Mean PAP and PVR increased mildly, both on average up to the upper limits of normoxic normal.
There were no changes in TAPSE, S ′ , RVEDA, RVFAC or strain measurements.
RV-SD4 increased and stabilized to values slightly above 20 ms.
Typical speckle tracking echocardiographic measurements during hypoxia are shown in Figure 1 .
The effects of exercise are summarized in Table 2 . Heart rate and blood pressure increased without change in S pO 2 . CO, TAPSE, S ′ and RVFAC increased markedly, while RVEDA decreased. Strain was unchanged except for an increase in peak 2DS basal IVS at the highest level of exercise.
RV-SD4 tended to increase, but not significantly so, and stabilize around 14 ms. Typical speckle tracking echocardiographic measurements during exercise are shown in Figure 2 .
RV-SD4 was not significantly correlated to mPAP or PVR.
The effects of hypoxic breathing and exercise on RV-SD4 were essentially the same when three of the healthy subjects who had a QRS >100 ms were excluded (Table 3 ).
The RV-SD4 intra-and interobserver variability assessed by the Bland-Altman method were respectively 0.2 ± 0.42 (95% CI, −0.24 to +0.64) (average percentage variability 3.8%) and 0. mPAP (mmHg) 15 ± 2 17 ± 1 18 ± 1* 20 ± 1* 22 ± 1* 24 ± 2* 25 ± 2* PVR (WU) 1.27 ± 0.13 1.29 ± 0.12 1.29 ± 0.1 1.32 ± 0.1 1.32 ± 0.11 1.33 ± 0.12 1.33 ± 0.11 CO (l min −1 ) 4.63 ± 1.29 6.45 ± 1.38* 7.13 ± 1.53* 7.94 ± 1.82* 9.25 ± 1.71* 10.22 ± 2.11* 11.17 ± 2.18* TAPSE (mm) 23 ± 3 2 5± 3 2 7± 3* 27 ± 3* 28 ± 3* 29 ± 2* 29 ± 2* S ′ (cm) 12 ± 1 13 ± 1 13 ± 2 15 ± 1* 16 ± 2* 17 ± 2* 18 ± 2* RVEDA (cm 2 ) 19.4 ± 3.2 18.5 ± 3.5 17.1 ± 3.7 16.9 ± 3.8 16 ± 3.5 16.3 ± 3.5 16.1 ± 3.5 RVFAC (%) 49 ± 5 50 ± 4 52 ± 4 52 ± 4 54 ± 4 54 ± 4 55 ± 4* Peak 2DS basal IVS (%) −17.8 ± 2.9 −19.1 ± 2.8 −19.6 ± 3 −19.9 ± 2.7 −19.9 ± 2.7 −23.1 ± 7.8 −24.5 ± 7.1* Peak 2DS mid IVS (%) −18.2 ± 2.1 −19.8 ± 3 −19.5 ± 3.9 −19.9 ± 3.5 −20.5 ± 3.5 −23.2 ± 7.8 −23.5 ± 7.5
Peak 2DS mid RVFW (%) −27.3 ± 5.2 −30.2 ± 7.6 −31.3 ± 4.8 −31.4 ± 4.7 −33.6 ± 4.7 −31.6 ± 6.4 −32.7 ± 7.5
Peak 2DS basal F RVFW (%) −27.9 ± 6.5 −32.8 ± 6.9 −34.5 ± 4.1 −33.8 ± 5 −34.7 ± 6.1 −33 ± 6.3 −34.7 ± 9.2 RV-SD4 (ms) 12 ± 6 1 4± 7 1 4± 6 1 4± 6 1 4± 6 1 3± 5 1 3± 4 2DS, two dimensional strain; CO, cardiac output; DBP, diastolic blood pressure; HR, heart rate; IVS, interventricular septum; mPAP, mean pulmonary artery pressure; PVR, pulmonary vascular resistance; RVEDA, right ventricular end diastolic area; RVFAC, right ventricular fractional area change; RVFW, right ventricular free wall; RV-SD4, standard deviation of the times to peak systolic strain of the four mid and basal right ventricular segments; SBP, systolic blood pressure; S ′ , pulsed tissue Doppler tricuspid annulus systolic wave; TAPSE, tricuspid annular plane systolic excursion; WU, Wood units. * P < 0.05 vs. baseline.
DISCUSSION
This study is the first to document the effects of environmental stresses such as hypoxia or exercise on speckle tracking echocardiography of regional RV function in healthy subjects.
The results show that hypoxic exposure, not exercise, is associated with a marked regional inhomogeneity of RV contraction.
The regional homogeneity of RV contraction can be studied by MRI or by speckle tracking echocardiography (Badagliacca et al., 2015b; Marcus et al., 2008) . The echocardiographic approach has been more widely used as being more flexible and convenient to implement with dedicated software. Thus the RV long axis image is automatically divided into six standard segments and individual strain-time waveforms are generated for basal, mid and apical free wall segments.
These data allow for the estimation of RV dyssynchrony from the standard deviation of times to peak strain curves of these six segments, or an SD6 (Kalogeropoulos et al., 2008; Meris et al., 2010; Murata et al., 2017) . In the present study, we omitted the apical time-strain curves to calculate an SD4, because of excessive variability of the apical segments, even in normal subjects (Badagliacca et al., 2015b; Badagliacca et al., 2017b) , and because dyssynchrony in patients with PH has been found to derive mainly from delayed contraction of the basal and mid RV free wall (Kalogeropoulos et al., 2008) . The observation of apical motion towards the left ventricle during systole due to leftwise traction when PAP is increased is a further reason to avoid the apical segments for the estimation of RV dyssynchrony (Badagliacca et al., 2017b) .
In the present study, hypoxic exposure was associated with an only mild increase in PAP, to the upper limit of normoxic normal. This is not unexpected as hypoxic pulmonary vasoconstriction and subsequent hypoxic pulmonary hypertension in the human species is known to be associated with only borderline increases in PAP and PVR to below the cut-off values of respectively 25 mmHg and 3 Wood units diagnostic for PH (Soria, 2016; Naeije & Dedobbeleer, 2013) . Not surprisingly, in the presence of related minimal increase in afterload, conventional echocardiographic measures of the right ventricle such as TAPSE, tricuspid S ′ , RVFAC, RVEDA and strain were not significantly altered.
It is therefore striking that RV-SD4 increased on average from 12 to 22 ms, or by 80-85% during hypoxic breathing.
Typical reported values for RV-SD4 are of 12 ± 6 ms in healthy subjects, 47 ± 33 ms in patients with borderline PH and 69 ± 34 ms in patients with pulmonary arterial hypertension (Lamia et al., 2017) .
However, while the interobserver and intraobserver variabilities of RV-SD4 assessment are quite satisfactory in experienced hands (Badagliacca et al., 2015b; Lamia et al., 2017) , as they were in the present study, the measurement shows variability as also indicated by large SDs in this study and in previously reports (Badagliacca et al., 2015a (Badagliacca et al., , 2015b (Badagliacca et al., , 2017b Kalogeropoulos et al., 2008; Lamia et al., 2017; Murata et al., 2017) . Actually RV-SD4 may be higher than the upper limit of normal, taken as 20-22 ms, in no more than 50-60% of patients and stabilize around 27-30 ms in severe PH (Badagliacca et al., 2015a (Badagliacca et al., , 2015b (Badagliacca et al., , 2017a . Thus while RV-SD4 is correlated to RV function (Badagliacca et al., 2015a (Badagliacca et al., , 2015b Kalogeropoulos et al., 2008; Lamia et al., 2017) , functional state and exercise capacity (Badagliacca et al., 2015a (Badagliacca et al., , 2015b (Badagliacca et al., , 2017a Kalogeropoulos et al., 2008; Meris et al., 2010) , and survival (Badagliacca et al., 2015b) , it has been found either to correlate but loosely or not at all with mPAP, PVR or pulmonary arterial compliance (Badagliacca et al., 2015a; Kalogeropoulos et al., 2008; Lamia et al., 2017 EFFORT NORMOXIA 100 W F I G U R E 2 Speckle tracking echocardiography of the right ventricle with strain-time curves in a subject at rest and during exercise. Exercise did not affect the inhomogeneity of right ventricular contraction as assessed by standard deviation of strain-time curves of four segments (RV-SD4). For other abbreviations, see Figure 1 TA B L E 3 Right ventricular dyssynchrony, pulmonary vascular resistance and mean pulmonary arterial pressure of study population excluding subjects with QRS >100 ms 15 ± 2 1 7 ± 1 1 8 ± 1* 20 ± 1* 22 ± 1* 24 ± 2* 25 ± 2* PVR (WU) 1.24 ± 0.13 1.28 ± 0.13 1.27 ± 0.1 1.3 ± 0.1 1.3 ± 0.12 1.3 ± 0.11 1.3 ± 0.1 RV-SD4 (ms) 10 ± 4 1 2 ± 5 1 3 ± 6 1 3± 6 1 3± 5 1 2 ± 5 1 2 ± 4 mPAP, mean pulmonary artery pressure; PVR, pulmonary vascular resistance; RV-SD4, standard deviation of the times to peak systolic strain of the four mid and basal right ventricular segments; S pO 2 , percutaneous saturation of oxygen; WU, Wood units. * P < 0.05 vs. baseline.
( Vonk-Noordegraaf et al., 2013) . Absence of correlation between RV-SD4 and either PAP or PVR in the present study is in agreement with previously reported PH (Lamia et al., 2017) and suggests that RV dyssynchrony is not exclusively determined the effects of increased PAP or PVR on structurally inhomogeneous right ventricle.
Essentially three mechanisms have been previously postulated to explain the heterogeneity in times to attainment of peak strain for various RV segments: increased pressure, regional delays in electrical depolarization and the non-uniform distribution of wall stress in the dilated pressure-loaded right ventricle (Badagliacca et al., 2015a (Badagliacca et al., , 2015b Kalogeropoulos et al., 2008) . In the present study, the increase in PAP or PVR caused by hypoxic breathing was mild and below cutoff values for diagnosis of PH. QRS was below 100 ms in 14 of the 17 included subjects. A re-analysis of the results after exclusion of the three subjects with a QRS >100 ms did not affect the conclusions of the study. There was no significant increase in RVEDA, confirming previous observations in healthy subjects exposed to acute or subacute hypobaric hypoxia (Allemann et al., 2012; Boussuges et al., 2000) or 1 h of normobaric hypoxic breathing (Huez et al., 2005; Kjaergaard et al., 2007; Pavelescu and Naeije, 2012) . This was confirmed by a more recent magnetic resonance imaging study showing unchanged RV volumes after 35 min of hypoxic breathing in healthy volunteers (Jaijee et al., 2018) . However there has been a report of increased RVEDA during hypoxic breathing in healthy volunteers (Netzer et al., 2017) .
In that study inspiratory hypoxia was more severe and prolonged (F IO 2 11% during 150 min) than in the present study or in the studies by Kjaergaard (F IO 2 12.5% during 60 min) and Huez (12% during 60 min) (Huez et al., 2005; Kjaergaard et al., 2007) . How these sea level laboratory observations compare with those of simulated or field altitude studies by Boussuges et al. (2000) or Allemann et al. (2012) is difficult to assess. In the present study, RVEDA increased by a maximum of 5%. This was non-significant but a type II error cannot be excluded. Thus inhomogeneous RV contraction was most probably related to hypoxaemia but with possible added effects of increased wall tension due to borderline increase in pressure and possibly slight increase in volume.
Speckle tracking echocardiography for the assessment of RV dyssynchrony during exercise is difficult and was impossible in 3 of the 13 volunteers, i.e. a 23% failure rate. In the subjects in whom good quality imaging was obtained, exercise was associated with increased PAP and indices of RV systolic function (TAPSE, tricuspid S ′ , RVFAC, strain), in keeping with preserved RV-arterial coupling demonstrated using high-fidelity catheters in healthy subjects (Spruijt et al., 2015) .
There may have been a trend to a slight increase in RV-SD4 by 2 ms, but this was not significant by analysis of variance, so that it is concluded that in spite of higher PAP reached during exercise than during hypoxia, RV-SD4 did not change. An increased RV-SD4 at rest has been previously reported to predict a decreased exercise capacity in severe PH (Badagliacca et al., 2017a) in relation to altered RV pump function (Badagliacca et al., 2015a; Kalogeropoulos et al., 2008) . The absence of increase in RV-SD4 during exercise is compatible with previously reported systolic function adaptation and preserved RVarterial coupling during exercise in healthy subjects (Spruijt et al., 2015) .
Thus in the present study, the major environmental determinant of RV dyssynchrony was hypoxia. This may be compatible with some negative inotropic and lusitropic effects of hypoxia reported by in vitro studies, but is in contrast with trivial effects of hypoxic breathing on standard echocardiographic indices of ventricular function (Naeije & Dedobbeleer, 2013) and preserved RV contractile reserve in hypoxia (Pratali et al., 2013) . RV-SD4 has been reported to be increased in patients with borderline PH and chronic lung disease of systemic sclerosis as potentially hypoxaemic co-morbidities (Lamia et al., 2017) . On the other hand, it may be that afterload-induced RV dyssynchrony would be prevented during exercise by positive inotropic effects of associated neuro-humoral activation. Whatever the exact mechanism, RV-SD4 appears to be sensitive to detection of RV function adaptation to mildly increased PAP in the context of hypoxaemia and/or pulmonary/systemic comorbidities, which may be of clinical interest.
There are several limitations to the present results. Dyssynchrony was evaluated by 2D speckle tracking, which is plane selectiondependent and thus may be methodologically inferior to 3D speckle tracking (Smith et al., 2014) . However, 2D speckle tracking was able to detect contrasting RV function adaptation to different physiological stresses. Furthermore, RV dyssynchrony has been shown to be an independent predictor of survival of severe PH in studies relying on 2D, not 3D, speckle tracking echocardiography (Smith et al., 2014; Badagliacca et al., 2015b Badagliacca et al., , 2017a . There has been no study comparing the functional relevance and the prognostic capability of 2D and 3D speckle tracking echocardiography, but it is likely that the information content of the 2D approach is sufficient to detect physiologically or clinically relevant alterations. Another limitation may be in the use of software validated for the left ventricle. However, this software has been previously used in PH patients with significant and robust results, so how much right ventricle-dedicated software might improve RV dyssynchrony assessments is not known. Finally, it has to be underscored that the present study included young healthy volunteers, so that similar results are not necessarily expected in older cohorts.
In conclusion, hypoxia but not exercise, causes RV dyssynchrony as assessed by 2D speckle tracking echocardiography. The pathophysiology and clinical relevance of this finding are still to be clarified.
